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For silicon surface passivation, we investigate stack layers consisting of a thin Al2O3 layer and a
TiO2 capping layer deposited by means of thermal atomic layer deposition (ALD). In this work, we
studied the influence of different thermal post-deposition treatments and film thickness for the
activation of passivating ALD Al2O3 single layers and Al2O3/TiO2 stack layers. Our experiments
show a substantial improvement of the passivation for the Al2O3/TiO2 stack layers compared to a
thin single Al2O3 layer. For the stacks, especially with less than 10 nm Al2O3, a TiO2 capping layer
results in a remarkably lower surface recombination. Effective fixed charge density of Al2O3/TiO2
stack layers increases after TiO2 deposition and O2 annealing. It is also demonstrated that the
enhanced surface passivation can be mainly related to a remarkably low interface defect density of
1.1 1010 eV1 cm2, whereas post-TiO2 heat treatment in O2 ambience is not beneficial for
the passivation of silicon, which is attributed to increasing interface defect density of stack layers.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825258]
I. INTRODUCTION
Charge carrier recombination in the silicon is one of the
most significant loss mechanisms in conventional solar cells,
and recombination losses must be decreased in order to
obtain higher efficiency solar cells.1 Surface recombination
losses are reduced by passivating the surfaces using dielec-
tric films. Surface passivation is becoming more important
as the wafer thickness is continuously being decreased in
order to reduce material costs. Traditionally, thermally
grown SiO2 has been used as effective passivation layer in
high-efficiency solar cells.2,3 For low-temperature passiva-
tion of heterojunction solar cells, hydrogenated amorphous
silicon deposited by plasma-enhanced chemical vapor depo-
sition (PECVD) was introduced.4 Amorphous hydrogenated
silicon nitride, a-SiNx:H, is in common use for passivating
the front nþ emitter of p-type silicon solar cells.5,6 There are
two advantageous effects of a-SiNx:H on passivation.
Chemical passivation due to interfacial bonding occurs
between the a-SiNx:H layer and the silicon substrate, while
field-effect passivation is caused by fixed positive charge
near the silicon surface.7 Also a-SiNx:H layers often play the
important role of the anti-reflection coating, in addition to
providing good surface passivation.
However, in order to reduce surface recombination
losses further for pþ emitters of n-type silicon cells, a nega-
tively charged dielectric is desirable, as the positive charge
in a-SiNx:H films results in a lowering of the majority carrier
density at the surface and an increase in recombination.
Further, for passivated emitter and rear cell (PERC) type so-
lar cells on p-type silicon, parasitic shunting can occur when
dielectrics with a fixed positive charge are used, due to the
formation of an inversion layer.8 Aluminum oxide (Al2O3)
has been shown to exhibit a high density of negative charge
and provide a good level of surface passivation on both
p- and n-type silicon.9–11 Moreover, Al2O3 also provides
excellent surface passivation on heavily doped pþ emit-
ters.12,13 The passivation properties of Al2O3 are associated
with the combination of a low interface defect density and
an enhanced field-effect passivation.14
Al2O3 films have been demonstrated to provide excel-
lent surface passivation; however, they cannot be used by
themselves as effective anti-reflection coatings due to the
low refractive index (1.6). Hence, for use on the front side
of solar cells, dielectric stacks consisting of a thin layer of
Al2O3 and a thicker layer of a dielectric with suitable refrac-
tive index are the best solution. Recently, some results of
Al2O3/a-SiNx:H stacks have been reported for anti-reflection
as well as surface passivation purposes.13,15 In the stacked
Al2O3/a-SiNx:H layers, stacks optimized for low surface
reflection resulted in an improvement in the final photovol-
taic characteristic of the solar cells. Compared to single
Al2O3 layers, Al2O3/PECVD a-SiNx:H stacks also showed a
further reduction in the surface recombination velocity,
which was attributed to the hydrogenation of Si/Al2O3 inter-
face states, leading to a reduction in the interface state den-
sity.16 However, the extinction coefficient, especially below
600 nm, for a-SiNx:H films increases greatly as the Si:N ratio
is increased, which is undesirable for the application as an
antireflection coating. In contrast, TiO2 has a relatively high
refractive index and moderate extinction coefficients for
wavelengths down to 400 nm.17 TiO2 is therefore also a good
candidate as the top layer of Al2O3/dielectric stack due to its
excellent optical properties. Another advantage of the use of
TiO2 is that the entire Al2O3/TiO2 stack can be deposited by
atomic layer deposition (ALD) in the same chamber with
excellent layer thickness control and efficient use of chemi-
cal precursors. Further, the use of ALD allows the creationa)Electronic mail: dong-chul.suh@anu.edu.au
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of materials with graded refractive index. Using Al2O3 and
TiO2, it would be possible to grade the refractive index
between the extremes given by the refractive indices of the
two materials,18 allowing further reductions in optical
reflectance.
Recently, improved surface passivation has been
reported when Al2O3 is combined with TiO2 in a type of
alternating layer19 and bilayer,20 compared to passivation
obtained by Al2O3 only. However, the origin of this
enhanced passivation is still under investigation. In this pa-
per, we investigate the surface passivation of Al2O3/TiO2
stacks. Of particular interest are stacks where the Al2O3 layer
is sufficiently thin (generally in the order of 10 nm or less)
that it has minimal impact on the optical properties of the
stack. The focus is on investigating the underlying mecha-
nisms of c-Si surface passivation as obtained by Al2O3/TiO2
stacks.
II. EXPERIMENTAL DETAILS
Symmetrical pþ/n/pþ structures on (100) damage-etched
n-type float-zoned Si wafers were used for the measurement
of the emitter saturation current density J0e. The wafers had a
resistivity of 100X cm and a thickness 500lm. They were
exposed to BBr3 at a temperature of 910
C in a diffusion fur-
nace. The sheet resistance of the pþ diffusion was 100X/(.
Un-diffused and polished p-type Czochralski Si wafers with a
resistivity of 1–10X cm were used for capacitance-voltage
and Kelvin probe measurements. Before deposition, the sam-
ples were treated with a conventional RCA clean followed by
a dip in diluted HF. Deposition of thin Al2O3 and TiO2 layers
was carried out in a commercial hot-wall flow-type ALD reac-
tor (TFS200, Beneq). Trimethylaluminum and titanium
chloride were used as aluminum and titanium precursors,
respectively. H2O were used as the oxidant for both TiO2 and
Al2O3 films in order to keep the process simple by using the
same standard oxidant. The films were prepared by alternating
metal precursor and oxidant exposure at a deposition tempera-
ture of 200 C. The Al2O3 films were deposited first, followed
by a forming gas anneal (FGA) at 400 C. Subsequently, TiO2
was deposited and annealed in O2 at 300–400
C. Post-TiO2
deposition annealing was carried out in an O2 ambient in order
to minimize the concentration of oxygen vacancies and obtain
stoichiometric films.21
The passivation quality of the films was determined by
the emitter saturation current density J0e of the p
þ emitters,
which was measured using the inductively coupled photo-
conductive decay technique.22 For the samples used for
capacitance-voltage (C-V) and conductance measurements,
Al2O3/TiO2 stack layers were deposited onto the front of the
samples followed by a very thin (2 nm) Al2O3 capping
layer. The deposition of a capping layer in top of the TiO2
was found to be necessary to obtain reliable C-V measure-
ment curves. Without a capping layer, the accumulation
capacitance of Al2O3/TiO2 samples was generally found to
be greater than the accumulation capacitance of samples
with Al2O3 only, which is attributed to non-negligible con-
ductivity of the TiO2 film or a diffusion of the evaporated
aluminium contacts into the TiO2.
23 GaIn contacts were
formed on the rear of the samples. The interface characteristics
of the MOS capacitors were evaluated by capacitance-voltage
and conductance via small ac signal admittance measurement
at frequencies ranging from 1 KHz to 1MHz using a HP4284A
Precision LCR meter.
III. RESULTS AND DISCUSSION
A. Emitter saturation current density
Figure 1 shows the emitter saturation current densities
J0e measured on samples after FGA (Al2O3 only) or imme-
diately after the subsequent TiO2 deposition. For the single
layer Al2O3 films, a considerable increase in J0e is observed
for an Al2O3 thickness below 10 nm. This result is consist-
ent with those of Dingemans et al.24 J0e on diffused surfa-
ces characterizes recombination within the emitter and at
the surface. Since the emitter profile is the same for all the
samples and the deposition and post deposition treatment
are not expected to influence the emitter, the changes in J0e
are attributed to changes in the contribution to J0e from
recombination at the sample surfaces J0eS. J0eS is influ-
enced by changes in the interface defect density as well as
the net charge in the passivation film, which influences the
degree of field-effect passivation. However, the field-effect
passivation is expected to be virtually unaffected by the
thickness because the negative charges reside at the inter-
face between Si and Al2O3 and the negative charge density
is thus not significantly affected even for films with a thick-
ness of 5 nm.25,26 The increase in J0e for thin Al2O3 films is
therefore attributed to a degradation of the chemical passi-
vation for very thin films. Following TiO2 deposition, the
same trend of higher J0e for thin Al2O3 films is still
observed, but the J0e values are substantially lower, espe-
cially for thin Al2O3 below 10 nm. As the Al2O3 thickness
increases, the effect of the TiO2 film on passivation
becomes weaker.
FIG. 1. Emitter saturation current density J0e at a fixed injection level of
1016 cm3 for pþ/n/pþ symmetric lifetime samples passivated with Al2O3
films following various treatments: annealed at 400 C in forming gas (black
squares); subsequent deposition of 50 nm TiO2 (red circles); subsequent
anneal in O2 for 30 min at 300
C (blue triangle) and at 400 C (green
inverted triangles), respectively.
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Although not shown here, it was confirmed that the
improved passivation following TiO2 deposition is related to
the TiO2 layer itself and not a result of the thermal budget
the samples are exposed to during TiO2 deposition. Samples
with Al2O3 films on which mock deposition were carried out
(including simulation of the entire deposition process except
of the pulsing of the TiCl4) displayed no significant change
in surface passivation. Figure 1 also shows that annealing of
the TiO2 film results in a degradation of the passivation; in
the case of a 300 C anneal the degradation is slight while af-
ter a 400 C anneal it is more significant and results in the J0e
values approaching those of the samples prior to TiO2
deposition.
Figure 2 shows results for the thickness dependence of
the J0e for Al2O3/TiO2 films. Regardless of TiO2 film thick-
ness, a significant increase in J0e is observed for 5 nm thick
Al2O3 films compared to thicker Al2O3 layers. In general, an
increase in TiO2 thickness improves the surface passivation
up to a TiO2 thickness between 40 and 50 nm. Importantly,
J0e values as low as 20 fA cm
2 can be obtained for an
Al2O3 thickness of 20 nm and a TiO2 thickness of 50 nm.
This TiO2 layer thickness is very close to the optimal TiO2
thickness for an antireflection coating for a planar encapsu-
lated cell given typical values of the refractive indices of
Al2O3 (1.6) and TiO2 (2.4).
B. TiO2 crystallinity
In order to understand the reasons behind the improve-
ment in passivation following TiO2 deposition, the material
and interface properties were investigated in more detail.
Figure 3 shows the results of X-ray diffractometry (XRD)
measurements on Al2O3/TiO2. It can be seen that TiO2 layers
in as-deposited Al2O3/TiO2 stacks are amorphous, even for a
TiO2 thickness of 50 nm (not shown in the figure). This is in
contrast to the results of Aarik et al.27,28 who found that
TiO2 films deposited at temperatures below 140
C were
amorphous while those deposited over 165 C and having
sufficient thickness from 15 nm showed diffraction patterns
characteristic of polycrystalline TiO2 on all used substrates.
Figure 3 also shows that following annealing the TiO2 film
became polycrystalline (anatase phase), with the transition
from amorphous to crystalline phases depending on both the
anneal temperature and layer thickness. The comparatively
high anneal temperature required for crystallization suggests
that grain growth is suppressed by the Al2O3 interlayer not
only during the deposition process but also during the
annealing process.
A question that immediately arises from these observa-
tions is to what extent the crystallization of the TiO2 films
may impact the stack passivation properties or correlate with
observed changes in the passivation. At present, the data are
insufficient for a conclusive answer; however, in Fig. 2, no
degradation in surface passivation was observed for thick
(50 nm) TiO2 films on 10 nm Al2O3 following a 300
C
anneal; compared to thinner TiO2 films. Since 50 nm TiO2 is
FIG. 2. Emitter saturation current density J0e at a fixed injection level
of 1016 cm3 for pþ/n/pþ symmetric lifetime samples passivated with
Al2O3/TiO2 stacks with various TiO2 film thicknesses. Samples received a
400 C, 30 min anneal in forming gas prior to TiO2 deposition, and a 300 C
30 min anneal in O2 after TiO2 deposition.
FIG. 3. XRD patterns of TiO2 films deposited on Si substrates covered with 10 nm Al2O3 which was annealed at 400
C in forming gas (a) 30 nm TiO2 subse-
quently annealed at different temperatures up to 500 C for 30 min, and (b) TiO2 films with different thicknesses annealed at 300 C for 30 min.
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observed to result in the formation of the crystalline phase in
Fig. 3(b), there does not seem to be a direct correlation
between the two; in other words, crystallization of the TiO2
films does not of itself appear to cause degradation in surface
passivation.
C. Charge trapping density
Figure 4 shows the high frequency C-V characteristics of
Al2O3 and TiO2 stack layers before and after TiO2 deposition
and annealing. Capacitance was measured at 1MHz as a func-
tion of gate voltage and the capacitor was swept from inver-
sion to accumulation and back to determine the amount of
hysteresis. A small amount of hysteresis can be observed in
the C-V curve of the Al2O3 single layer, indicating that appli-
cation of a positive gate voltage caused electron injection into
the oxide from the substrate while during a sweep from posi-
tive to negative voltages the trapped electrons can be ejected
from the oxide back into the substrate. Following TiO2 depo-
sition, there is a decrease in the C-V hysteresis, indicating a
reduction of the density of carrier-trapping defect sites that are
responsible for the hysteresis. After annealing, there is
increase in the hysteresis as crystallization of the initially
amorphous TiO2 films occurs. This suggests that introduction
of grain boundaries or crystal/amorphous boundaries may
increase the density of such carrier-trapping defect sites.
The flatband voltage shift (DVFB) characterizing the
hysteresis of the C-V curves of Fig. 4 was used to estimate
the charge trapping density Qot of the Al2O3 films in the
Al2O3/TiO2 stacks, using the relation
Qot ¼ Cox  DVFB
q
(1)
for the calculation of Qot,
29 where q is the electronic charge
and Cox is the flatband capacitance. In spite of the limitation
that Qot is influenced by the measurement parameters, such
as the magnitude and direction of the sweep gate voltage and
sweep time, the extracted values allow comparison of the
film defect density following various treatments. As can be
seen in Table I, the Al2O3/TiO2 stack layer without subse-
quent anneal has a significantly lower Qot than the Al2O3 sin-
gle layer. However, Qot values of Al2O3/TiO2 increase up to
that of Al2O3 single layer as anneal temperature increases.
D. Fixed charge density
Figure 5(a) shows high frequency C-V curves for
Al2O3/TiO2 stacks with different TiO2 thicknesses, while Fig.
5(b) shows the values of the dielectric constant kTiO2 of the TiO2
films of the stacks. The values of kTiO2 were determined by
assuming that the Al2O3/TiO2 stack layer behaves as two capaci-
tors in series, so that the total oxide capacitance Cox is given by
1
Cox
¼ 1
e0A
dAl2O3
kAl2O3
þ dTiO2
kTiO2
 
; (2)
where e0 is the permittivity of free space and kAl2O3, kTiO2,
dAl2O3, and dTiO2 are the dielectric constants and thicknesses
of the Al2O3 and TiO2 films, respectively. The value of
kAl2O3 is assumed to be constant and was determined from
the accumulation capacitance of the single Al2O3 film fol-
lowing 30 min forming gas anneal, which yielded kAl2O3 of
7.3, in good agreement with published values.
The results of Fig. 5(a) indicate that as-deposited TiO2
films thicker than 10 nm have a relatively constant kTiO2 in
the range of 40 to 60. TiO2 films annealed at 300
C display
a similar value of kTiO2 except for the 50 nm thick film, for
which k is substantially larger; corresponding to the onset of
crystallization as shown in Fig. 3. TiO2 films annealed at
400 C experienced a dramatic increase in kTiO2 (>100) with
respect to the as-deposited film. The exact value of kTiO2 in
these films as determined from the C-V data is expected to
be quite inaccurate; all that can be said with some certainty
is that the value of kTiO2 are very large.
When all the charge is assumed to be located at the
Si/Al2O3 interface, the effective fixed charge density (Qeff)
of the Al2O3/TiO2 stack layers was determined from C-V
measurements. Table II shows the Qeff values measured on
Al2O3/TiO2 stack layers as a function of post-anneal temper-
ature. The results are given for both Al2O3 single and
Al2O3/TiO2 stack layers. Compared to Al2O3 single layer,
the Al2O3/TiO2 stack layers show a higher density of
FIG. 4. High frequency (1 MHz) C-V characteristics of 10 nm Al2O3/30 nm
TiO2 stack layers. The Al2O3 films were annealed at 400
C for 30 min in
forming gas prior to TiO2 deposition or C-V measurement. Post TiO2 depo-
sition anneal conditions were for 30 min in O2 at either 300 or 400
C as
indicated in the legend. A 2 nm Al2O3 film was deposited on top of the
TiO2 film prior to C-V measurements.
TABLE I. Charge trapping density Qot of 10 nm Al2O3 and 10 nm Al2O3/30 nm TiO2 stack layers.
Al2O3
a Al2O3
a/TiO2 (as-deposited) Al2O3
a/TiO2 (annealed at 300
C)b Al2O3
a/TiO2 (annealed at 400
C)b
Qot (cm
2) 4.9 1011 8.2 1010 1.8 1011 3.7 1011
aThe Al2O3 films were annealed at 400
C for 30 min in forming gas prior to TiO2 deposition.
bPost TiO2 deposition anneal conditions were for 30 min in O2 at as indicated.
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negative fixed charge of 4.3 1012 cm2. The Al2O3/TiO2
stack layers show increasing Qeff for higher anneal
temperature.
To distinguish the contribution of Al2O3 and TiO2
layers to effective fixed charge density, the variation in VFB
of the Al2O3/TiO2 stack layers as a function of the film
thickness and dielectric constant are shown in Fig. 6 in the
as-deposited and annealed states. The VFB – (dTiO2/kTiO2)
data have been fitted with a straight line consistent with
the solution to Poisson’s equation using the following
equation:30
VFB ¼ UMS  qe0 QAl2O3
dAl2O3
kAl2O3
þ ðQAl2O3 þ QTiO2Þ dTiO2
kTiO2
 
;
(3)
where UMS is the metal-semiconductor work function differ-
ence (0.87 eV), q is the electronic charge, assuming that
QAl2O3 is the charge located at the Si-Al2O3 interface, and
QTiO2 is the charge located at the internal dielectric interface
between the Al2O3 and TiO2 layers. From the y-intercept and
slopes, QAl2O3 and QTiO2 can be estimated, respectively, by a
least-squares linear fit. In case of Al2O3 single layer once
annealed at 400 C, additional 300–400 C anneal does not
have an impact on Al2O3 passivation, so the VFB of single
Al2O3 layer annealed at 400
C is also included.
The data in Fig. 6 clearly indicate the presence of nega-
tive charge not just at the Al2O3/Si interface but also within
the TiO2 film or (more likely) at the Al2O3/TiO2 interface.
Figure 7 shows the charge densities extracted from the data
of Fig. 6 assuming an additional sheet of charge located at
the Al2O3/TiO2 interface. As compared to these results, the
anneal exhibits mostly changes in slope, indicating the
fixed charge at Al2O3/TiO2 interface changes. As a result,
the fixed charge density of Al2O3/TiO2 stack layers can be
obtained as shown in Fig. 7. A higher negative charge den-
sity of 4.9 1012 cm2 is obtained for as-deposited TiO2
layer, compared to single thin Al2O3 layer. As anneal tem-
perature increases to 400 C, QTiO2 increases significantly.
As a result, compared to the trend of the effective fixed
charge density in Table II, the effect of charge distributed
throughout the Al2O3/TiO2 stack layer on the passivation is
more limited than that of the charge at Si/Al2O3 interface.
E. Interface trap density
It is difficult to measure quasi-static capacitance of
high-k TiO2 due to relatively high leakage current, resulting
in the inaccurate interface trap density determination.
TABLE II. Effective fixed charge density Qeff of 10 nm Al2O3 and 10 nm Al2O3/30 nm TiO2 stack layers.
Al2O3
a Al2O3
a/TiO2 (as-deposited) Al2O3
a/TiO2 (annealed at 300
C)b Al2O3
a/TiO2 (annealed at 400
C)b
Qeff (cm
2) 2.3 1012 4.5 1012 5.5 1012 6.4 1012
aThe Al2O3 films were annealed at 400
C for 30 min in forming gas prior to TiO2 deposition.
bPost TiO2 deposition anneal conditions were for 30 min in O2 at as indicated.
FIG. 5. High frequency (1 MHz) C-V characteristics of 10nm Al2O3/TiO2
stack layers. The Al2O3 films were annealed at 400
C for 30 min in forming
gas prior to TiO2 deposition. Post TiO2 deposition anneal conditions were for
30 min in O2 at 300
C. A 2nm Al2O3 capping layer was deposited on top of
the TiO2 film prior to C-V measurements. (b) Thickness dependencies of the
relative dielectric constant of as-deposited and annealed TiO2 films on Al2O3.
FIG. 6. Flatband voltage of 10 nm Al2O3/TiO2 stacks as a function of the
dTiO2/kTiO2 in the as-deposited and post-TiO2 annealed states, respectively.
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Although the high-frequency Terman method provides a
rough evaluation of interface trap density, which is based on
the extraction of the experimental surface potential versus
gate voltage,31 it becomes less sensitive with increasing ca-
pacitance since the voltage shift is inversely proportional to
the insulator capacitance.30 For the extraction of more reli-
able interface trap density, the conductance method is more
suitable because the surface potential fluctuation is a func-
tion of energy in the depletion region of the band gap. To
determine an accurate Dit, the insulator capacitance and se-
ries resistance effects are removed from the measured con-
ductance Gm peak using the following relation:
32
Gp ¼ x
2C2oxGm
G2m þ x2ðCox  CmÞ2
; (4)
where Gp is the corrected conductance, x is the angular fre-
quency and Cm is the measured capacitance. The Dit is calcu-
lated from32
Dit ¼ Gpx
 
fp
1
qfDðrsÞA ; (5)
where Gp/x is the corrected conductance loss, fp is the fre-
quency corresponding to the peak value of conductance loss,
q is the electronic charge, fD is the universal function of
standard deviation of band bending rs, and A is an area of
electrode. The fD value used for our samples is 0.402.
33 The
Dit for the conductance loss values of 3.3 pF is found to be
approximately 1.2 1010 eV1 cm2. It should be noted that
the Dit at midgap determined by the high-frequency C-V
method consisting of contributions from the oxide and inter-
face traps shows much higher value of 1013 eV1 cm2,
showing higher inaccuracies compared to the conductance
method.
Gp/x is plotted in Fig. 8(a) as a function of frequency.
Figure 8(b) shows the Dit at midgap for the Al2O3/TiO2 stack
layers as obtained by the conductance method. With a value
of 1.1 1010 eV1 cm2 at midgap, the Dit of the
as-deposited TiO2 on Al2O3 is very low, and an order of
magnitude of lower than that of Al2O3 only passivated sam-
ple. However, as the post-TiO2 annealing temperature
increases, Dit increases again and reaches a value of
1.1 1011 eV1 cm2 at midgap following a 400 C anneal,
which is the almost same as that of only Al2O3-passivated
sample.
On the basis of the above results, we can consider the
possible reasons for the improvement in J0e following TiO2
deposition as shown in Figs. 1 and 2. As already mentioned,
surface passivation is determined by the degree of field effect
passivation as well as chemical passivation. The results indi-
cate that the negative charge in the film increases following
TiO2 deposition. Empirically, the degree of field effect passi-
vation is generally found to saturate at a charge density of
around 5 1012 cm2.34 Since the charge density in the Al2O3
film is well below this level, a significant improvement in field
effect and surface passivation is expected as a result of the
additional charge. The origin of the additional negative charge
is not clear and requires further investigation.
As shown in Fig. 8(b), the deposition of TiO2 also
results in a significant reduction in Dit, which indicates an
improvement in the chemical passivation of interface states
and is very likely to also be a reason for the improved sur-
face passivation.
FIG. 8. (a) The measured conductance loss with frequency plot of 10 nm
Al2O3 (annealed at 400
C in forming gas)/30 nm TiO2 (as-deposited) as a
function of gate voltage near the midgap, and (b) interface trap densities
determined by the conductance method.
FIG. 7. Relationship between the negative fixed charge density of Al2O3 and
TiO2 layer and the negative charge in the TiO2 on 10 nm Al2O3.
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An interesting question is why Dit improves following
TiO2 deposition. One possible reason (and the reason most
often cited for improvements in Dit following treatments of
dielectric layers) is the improved passivation of interface
defects with atomic H. In other words, the deposition of
TiO2 may result in the release of atomic H which diffused
through the TiO2 and Al2O3 films to passivate interface
defects. For example, Veith et al. demonstrated that the pas-
sivation quality of thin thermal ALD-Al2O3 can be improved
using a-SiNx:H as a capping layer, which might be because
of the hydrogenation of interface states.35 The deposition of
a-SiNx:H at a temperature of 400
C for several minutes has
an effect similar to a short anneal. The H content in the bulk
of TiO2 films deposited at around 200
C has been found to
be relatively low (about 0.4 atom %),36 but it is possible that
hydrogen is released during the layer-by-layer deposition of
as a result of the reaction between surface hydroxyl groups
and the titanium precursor TiCl4.
35–37 Dingemans et al.
found that deposition of a TiO2 capping layer did not lead to
higher level of passivation for SiO2 passivated silicon.
38
Since atomic hydrogen is beneficial to the passivation of sili-
con by SiO2 (as observed following a so-called anneal treat-
ment),7 the release of significant quantities of atomic H
during the deposition process would be expected to improve
SiO2 passivation. It must be noted that, however, Dingemans
et al. used a different Ti precursor than used in our work, so
the absence of improved passivation in their case is not con-
clusive evidence against the role of atomic H in the
improved passivation observed in our work. However, defect
passivation by atomic H does not seem to be a likely cause
of the improved passivation for another reason, namely that
the rate of diffusion of atomic H through Al2O3 at the depo-
sition temperature of 200 C is likely to be too low to be
effective. Dingemans et al. measured the rate of effusion of
He atoms in Al2O3 films as a function of both Al2O3 deposi-
tion and anneal temperature. For films deposited around
200 C, the onset of effusion did not occur until anneal tem-
peratures of around 300 C.39 If atomic H is not the cause for
the improvement in surface passivation, one may speculate
that deposition of TiO2 may result in some reconstruction of
the Si/Al2O3 interface region, perhaps as a result of changed
interface stress. However, at this stage, there is no evidence
for such a hypothesis.
IV. CONCLUSIONS
We studied the surface passivation of Al2O3/TiO2 stack
layers as a function of TiO2 layer thickness and for different
post-deposition anneals. For the single Al2O3 layers, J0e was
found to increase strongly for an Al2O3 layer thickness
below 10 nm. Significantly enhanced passivation was
observed following deposition of TiO2 on thin Al2O3 passi-
vated Si surfaces. Measurements of the effective fixed charge
density in the stack revealed that TiO2 deposition increases
Qeff. Further, the Al2O3/TiO2 stack layers yield a high level
of chemical passivation after TiO2 deposition due to a low
interface defect density, which increases with anneal temper-
ature. Improved chemical surface passivation appears to be
the main reason of the enhanced passivation quality.
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